The viability of next generation lithium and beyond-lithium battery technologies hinges on the development of electrolytes with improved performance. Comparing electrolytes is not straightforward, as multiple electrochemical parameters affect the performance of an electrolyte.
INTRODUCTION
In a battery, the passage of ionic current between the cathode and anode is enabled by the electrolyte. The dependence of the current on the potential drop between the electrodes is at the core of battery design and engineering. 1, 2 The kind of device that can be powered by a battery is limited by the maximum current that can be passed safely through the electrolyte.
The starting point for understanding the relationship between potential drop and current is Ohm's law. For a simple conductor with one charge carrier, such as a copper wire (Fig. 1a ), the current density, i, is proportional to the potential drop per unit length, ΔV /L, and Ohm's law can be written as:
where σ is the electronic conductivity of the material. All materials are electrically neutral and have at least two charge carriers; the one charge carrier approximation is valid because the compensating copper cations are essentially immobile. Current density versus ΔV /L for copper is presented in Fig. 1b , where the slope, m, is given by 5.8 ×10 5 S cm -1 . 3 In this case, m = σ .
For a copper wire, carrier concentration gradients do not develop as the copper cations are stationary and charge neutrality is maintained. The difference between values of m obtained in electronic and ionic conductors is ten orders of magnitude.
An example of a rechargeable battery is shown schematically in Fig.   1c . It consists of a lithium metal anode and a lithium iron phosphate, LiFePO 4,  cathode separated by an EC:DEC/LiPF 6 electrolyte in a porous separator.
During discharge, the passage of ionic current through the electrolyte from the anode to the cathode is driven by an overpotential, η, which is the equilibrium potential of the cell minus the operating voltage, U 0 −V. 1 When an overpotential is present, concentration gradients develop across the electrolyte because both cations (in this case, Li + ) and anions (P interfaces; this also affects the nature of the gradients. In Fig. 1d , we plot the steady-state current density, i ss , as a function of the overpotential per unit length, η /L, for the cell depicted in Fig. 1c . 4 It appears that the relationship between i ss and η /L is approximately linear, similar to the copper wire.
However, the slope, m = 2.5 ×10 -5 S cm -1 , is not equal to the conductivity of the electrolyte. It reflects numerous processes that include charge transfer between the electrodes and the electrolyte, diffusion of lithium in the cathode, and diffusion and migration of ions in the electrolyte. Thus, the relationship between i ss and η /L in Fig. 1d , although it appears linear, is not a manifestation of Ohm's law.
In Fig. 1e , a schematic for a symmetric cell consisting of an electrolyte sandwiched between two identical non-blocking electrodes is presented. In this perspective, we focus on symmetric cells comprising either lithium or sodium foil electrodes and electrolytes containing a lithium or sodium salt, respectively. This cell, popularized by pioneering work of Evans, Vincent, and Bruce, and others, [6] [7] [8] is similar to that shown in Fig. 1c with one crucial difference: U 0 =0V . This cell enables a fair comparison of the ion transport properties of different electrolytes: the symmetry of the cell allows electrode effects to be deconvoluted from the properties of the electrolyte. In Fig. 1f , we plot i ss as a function of the potential drop across the electrolyte, ΔΦ/L, for a cell with lithium foil electrodes and an electrolyte comprising poly(ethylene oxide) (PEO) and bis(trifluoromethylsulfonyl)amine lithium salt (LiTFSI). Here, the slope m = 9.9 × 10 -5 S cm -1 is not equal to the ionic conductivity of the electrolyte. However, unlike in a full battery, m is related to the properties of the electrolyte alone. In our effort to design high performance electrolytes, it is the slope in Fig. 1f which we wish to maximize. Many publications, however, disregard this. It is fairly common, these days, to invent a new electrolyte, measure the ionic conductivity, and declare victory if it is greater than that of a baseline electrolyte. produce a rank ordered list of electrolytes based on their ability to maximize the flux of lithium or sodium cations. We conclude by discussing the limitations of our approach as, ultimately, the rank ordering of electrolytes needs to be reassessed in the presence of significant concentration gradients for practical devices. II.
THEORY
Electrolytes of interest comprise a salt ¿ ¿ ¿dissolved in a matrix.
Characterization of ion transport typically begins with measurement of the ionic conductivity, κ, by ac impedance spectroscopy. A powerful feature of ac impedance spectroscopy is that κ is measured without introducing significant concentration gradients. When a dc potential, ΔΦ , is applied across an electrolyte of dimension L in a symmetric cell ( Fig. 1e ), there are, by definition, no concentration gradients at the first instant of polarization (t = 0 + ). The initial current density, i 0 , at t = 0 + is given by:
With time, i.e. at t > 0, salt concentration gradients develop in the cell and eventually the gradient becomes time-invariant. The measured current density decreases with time as these concentration gradients develop and reaches a steady value at long times. We refer to the current obtained at long times as i ss .
In the limit of small applied potentials, an expression for i ss can be derived based on concentrated solution theory, 11, 12 
where Ne is a dimensionless parameter that we call the Newman number. Ne is given by these parameters is not required to determine i ss or Ne. In fact, Ne can be determined in a single experiment by measuring i 0 and i ss at constant dc polarization, ΔΦ, over the electrolyte:
Bruce and Vincent pioneered the measurement of i ss /i 0 . 6, 9 Equations 6 and 4 can be recast as:
and c 0 is the solvent concentration. Equations 7 and 8 were first derived by Balsara and Newman. 11 Only in the limit c → 0, β → 0 does
a result presented by Bruce and Vincent. 9 Determining the range of concentration over which β is small enough such that Eq. 9 is valid requires We thus define the current ratio, ρ +¿ ¿ , which can be rewritten on the basis of Eq. 6 as
.¿ (10) The current ratio is an intrinsic property of an electrolyte, irrespective of whether it is dilute or concentrated. The transference number, t + ¿ 0 ¿ , is defined as the fraction of current carried by the cation in a solution of uniform salt concentration and is only approximated by ρ +¿ ¿ when β is small.
For this reason, we prefer to use ρ +¿ ¿ to refer to the current ratio, i ss i 0 , rather than using t + ¿ 0 ¿ or "the transference number" as is commonly done in the literature. This point was alluded to by Bruce and Gray in 1995, who referred to this current ratio as "the limiting current fraction". 15 The discussion thus far ignores the resistance of the electrode/electrolyte interface. In practice, when a dc voltage, ΔV , is supplied to a symmetric cell, the potential drop across the electrolyte, ΔΦ, will be reduced by an amount equal to the product of the interfacial resistance and the current. Assuming other sources of ohmic loss are negligible,
where R i is the interfacial impedance that is readily measured by ac impedance spectroscopy, A is the electrochemically active surface area of the electrode, and i is the current density through the symmetric cell.
We can combine Eq. 2, 3, 10 and 11 to obtain a useful expression (12) where i ss and i 0 refer to steady-state and initial current density through a symmetric cell as in Eq. 11. The importance of corrections for interfacial resistance was recognized by Evans, Bruce and Vincent 6 and Watanabe et al. 10 We use the term ρ + , 0 in Eq. 12 to clarify that this current ratio is based on a measured value of i 0 , which we discuss next.
In order to apply Eq. 10-12, the value of i 0 must be measured. A practical approach is to take the first data point measured after the potential is applied. However, this method is inherently problematic because the current is a strong function of time in the first instant of polarization. An example of such a measurement is shown in Fig. 2 . A small potential, ΔV = 8.9 mV, was applied across a lithium symmetric cell (A = 0.079 cm 2 and L = 0.050 cm) containing a 35 kg mol -1 PEO/LiTFSI electrolyte with salt concentration r = 0.010, where r is defined as the molar ratio of lithium ions to ethylene oxide moieties. A sampling rate of 1 ms -1 was used for the first few seconds. Figure   2 presents the current response over the entire time window (400 min) required to reach steady-state and the inset highlights the first 10 ms. Over the first 10 ms, the current is approximately constant with time. Thus, we have confidence that the current density we measure, i 0 = 0.051 mA cm -2 , truly captures the initial current. the measured initial current density is accurate. In this case, the first measurement of current density (i 0 =¿0.051 mA cm -2 ) is in reasonable agreement with i Ω .
An alternative that has been proposed 6, [16] [17] [18] [19] [20] [21] [22] [23] is to calculate i 0 by combining Eq. 2 and 11. In this case,
We can rearrange Eq. 13 to solve for i 0 . We refer to this calculated current density as i Ω because it is a statement of Ohm's law (Eq. 1):
For the electrolyte and cell used in Fig. 2 , κ = 0.33 mS cm -1 and R i = 495 Ω, yielding i Ω = 0.047 mA cm -2 (shown as a red dashed line in Fig. 2 ). We see reasonable agreement between i 0 and i Ω from this experiment. The advantage of using i Ω instead of i 0 is that it is based on parameters that are easily measured ( ΔV , L, R i , κ, and A). Further rationale for this is discussed in Section IV. For the purposes of this paper, we define ρ +¿ ¿ as: Eq. 15 differs from Eq. 12 only in the use of i Ω for i 0 . In the discussion below, electrolytes are characterized by two transport properties, κ and ρ +¿ ¿ . We use Eq. 15 to calculate ρ +¿ ¿ .
III. DATA
To select the systems used in this perspective, we studied the 472 papers which cited Evans, Vincent, and Bruce's 1987 paper titled "Electrochemical measurement of transference numbers in polymer electrolytes" 6 since 2010.
Only a small fraction of these papers reported all parameters necessary for our analysis. These parameters are listed in Table I . For each electrolyte in Table II , we calculated ρ +¿ ¿ using Eq. 15 and the values of the parameters we obtained from the publication. For some references, all parameters were listed explicitly. In others, we needed to estimate the parameters from raw data such as Nyquist impedance spectra or current versus time plots. In three cases, the parameters needed were supplied in a personal communication from the authors. 17, 18, 32 Finally, if our calculated value for ρ + ,0 differed substantially from the reported value (usually referred to by others as t + ¿¿ ), the reference was not included in this study. Only 13 out of the 472 papers satisfied all of the constraints. The most common reason a paper was excluded from our analysis was not reporting L and A. Unfortunately, we could not find any papers which characterized single ion conductors that met all our requirements. IV.
CHARACTERIZATION OF ELECTROLYTE PERFORMANCE
In most papers, the reported current ratio is based on the measured value of i 0 . One criterion for including papers in this study was that all parameters needed to calculate i Ω from Eq. 14 were reported. We were thus able to calculate ρ +¿ ¿ using Eq. 15 and compare it with the reported value, ρ + ,0 , obtained using Eq. 12. Fig. 4 is a plot of ρ +¿ ¿ versus ρ + ,0 for the 19 electrolytes listed in Table 2 . For references that report only ρ +¿ ¿ , we plot ρ +¿=ρ + , 0 ¿ : these are represented by filled in symbols. Points which lie on the dashed line in Fig. 4 indicate that the measured value of i 0 was consistent with the calculated value of i Ω . A significant number of data points in Fig. 4 fall well below the dashed line. A likely reason for this is the use of a sampling rate that is too slow to capture i 0 accurately. Because the current density falls rapidly at early times (see Fig. 2 ), use of a less frequent sampling rate will result in a lower value of i 0 and thus an inflated value of ρ + ,0 . While using i Ω to calculate ρ +¿ ¿ has been proposed by some 6, [16] [17] [18] [19] [20] [21] [22] [23] , the literature is dominated by reports of ρ + ,0 based on measured values of i 0 . Our analysis suggests that ρ +¿ ¿ is a more robust method for determining the current ratio of an electrolyte. For consistency, all calculations will utilize i Ω beyond this point. 5 presents κ nb versus κ b for the electrolytes in Table II . For many electrolytes, κ nb is significantly lower than κ b . A few electrolytes show the opposite trend.
It is not immediately clear whether κ nb or κ b should be used to quantify the performance of an electrolyte. To answer this question, we rearrange Eq. 3 and 10 to obtain:
This is a statement of Ohm's law for an electrolyte at steady-state under small polarization, where κ ρ +¿ ¿ can be defined as the effective conductivity of the electrolyte at steady-state. In Fig. 6a we plot κ b ρ +¿ ¿ versus i ss ΔΦ/L , while in Fig. 6b we plot κ nb ρ + ¿¿ versus i ss ΔΦ/L . The data in Fig. 6b are consistent with Eq. 16 while the data in Fig. 6a are not. Fig. 6 shows that only κ nb can be used to accurately describe the experimental steady-state current. This is interest is to maximize the flux of the working cation. This is similar to a gas separation process wherein a membrane is used to concentrate a desired species. 34, 35 In this process, a pressure gradient is used to drive transport through the membrane, which is designed such that one species is more permeable. Selective transport in this system is characterized by two parameters: (1) the permeability of species i, P i , relates the molar flux and driving force ( Δ P/L ¿, where Δ P is the pressure drop across a membrane of thickness L, and (2) the selectivity of species i, α ij , which is defined as P i /P j where j refers to the other species being transported. Ideally, one would like to maximize both P i and α ij . The difficulty of realizing this ideal was noted by
Robeson, who showed that membranes with high permeability typically had low selectivity while membranes with high selectivity had low permeability. 36 When data from a large number of membranes were compiled on a plot of selectivity versus permeability, a clear upper bound was evident. Robeson presented a straight line on a log-log plot of selectivity versus permeability such that all compiled data lay below this line. This is referred to as the Robeson upper bound for gas separation.
We present a similar analysis for ion transport in polymer electrolytes under a small dc potential. Selective transport in this system is characterized by two parameters: (1) the conductivity, κ, relates the total current, with contributions from both ions, and driving force ( ΔΦ/L¿, and (2) the current ratio, ρ +¿ ¿ , which is a measure of selectivity for cation transport. Ideally, one would like to maximize κ and ρ +¿ .¿ 37-39 In Fig. 7 , we plot ρ +¿ ¿ versus κ nb for the electrolytes in Table II . The line in Fig. 7 is analogous to the Robeson upper bound. The upper bound is defined empirically by ρ +¿=−0.64−0.34 logκ nb ¿ , where κ nb is in S cm -1 and ρ +¿ ¿ is bounded between 0 and 1.
The best electrolyte would be one that supports the highest steady-state current density for a given applied potential, i.e. maximizing the slope in Fig.   1f , m = κ nb ρ + ¿¿ . Since both parameters have been calculated, we can rank order the electrolytes of interest. This is done in Table III , where the third column gives the product κ nb ρ + ¿¿ . For completeness, we also give values of κ b
, κ nb , Ne, ρ +¿ ¿ , and t + ¿ 0 ¿ (when known). The top six electrolytes are identified by their rank in Fig. 7 . Interestingly, ρ +¿ ¿ is less than or equal to 0.2 for all six.
In other words, the best electrolytes to date rely on high ionic conductivity rather than selective transport of cations, and efforts to achieve a value of The relationship between ρ +¿ ¿ and transport properties of concentrated electrolytes is quantified by Eq. 4-7. In Table III, there are some electrolytes for which Ne is small (i.e., Ne ≤ 0.1), and others for which Ne is large (i.e., Ne ≥10). In the limit of small Ne, 1 1+Ne
≈ 1−Ne and Eq. 3 reduces to
which implies that the effective conductivity of the electrolyte at steadystate is marginally reduced from that at t =0 +¿¿ by a factor equal to (1−Ne There are very few publications where t + ¿ 0 ¿ , T f , and D are measured. 2, 14, 16, [40] [41] Table III presents values of t + ¿ 0 ¿ in cases where it has been reported. Note that there is little correspondence between ρ +¿ ¿ and t + ¿ 0 ¿ . 17 Our discussion has been limited to electrolytes under small applied dc potentials. Whether polarizations are large or small, the salt concentration gradients in the cell affect the current-voltage relationship. At large potential gradients obtained in practical batteries (Fig. 1c,d Table III ). When a discrepancy was found, κ nb was often significantly lower than κ b , although a few electrolytes show the opposite trend. While the analysis reported here is based on κ nb , it is likely that practical electrolytes are those wherein the two conductivities are within experimental error, i.e., those that are unaffected by contact with the alkali metal of interest. Our analysis is restricted to publications wherein both κ nb and ρ +¿ ¿ were rigorously measured. Ideally, both κ nb and ρ +¿ ¿ should be maximized. However, there appears to be a trade-off between these two parameters, resulting in an upper bound ( ρ +¿=−0.64−0.34 logκ nb ¿ , where κ nb is in S cm -1 ) that is analogous to one exposed by Robeson for the relationship between permeability and selectivity in gas separation membranes. Designing polymer electrolytes to surpass this upper bound may enable next-generation lithium and sodium batteries. In the limit of small applied potentials, the proportionality factor between i and ΔΦ/L for binary electrolytes at steady-state is the product κ nb ρ + ¿¿ . This relationship is analogous to Ohm's law for electronic conductors.
When comparing electrolyte performance, the preferred electrolyte is the one for which κ nb ρ + ¿¿ is maximized. We use this principle to rank order electrolytes. We hope this perspective will serve as a guide for quantifying the efficacy of future electrolyte designs. 
